The effect of complexing agents on the titration of vanadium(V) with iron(II) was studied. Complexing agents which form more stable complexes with iron(III) than iron(II) produce a sharper titration of vanadium(V) with Iron(II). Citrate, pyrophosphate and EDTA improve the potential break at the equivalence point. The presence of excess EDTA decreases the formal potential of the V(V)/V(IV) couple due to the formation of vanadium(V)-EDTA complexes. The use of a ligand buffer with zinc(II) in excess over EDTA is very effective for improving the end-point detection in the titration, preventing the formation of vanadium(V)-EDTA complexes.
Complexing agents modify the redox potential of a redox system involving metal ions."2 This phenomenon has a potential capacity for the development of new various redox reactions in the presence of a suitable complexing agent. We have already developed new methods for the potentiometric titration of chromium-(VI) with iron(II) in the presence of pyrophosphate as well as copper(II) with iron(II) in the presence of 2,9-dimethyl-1,10-phenanthroline (neocuproine), together with pyrophosphate using such a ligand effect. 3 The direct EDTA titration of vanadium(V) in the presence of excess iron(II) has been reported by Tanaka and Ishida based on equilibrium considerations. 4 The present paper describes the direct redox titration of vanadium(V) with iron(II) in the presence of such complexing agents as citrate, pyrophosphate and EDTA. Titration in the presence of citrate and EDTA is sensitive to light and should be performed in the dark. The use of a ligand buffer with zinc(II) in excess over EDTA was found to be effective for improving the end-point of the potentiometric titration of vanadium(V) with Iron(II), since the formation of vanadium(V)-EDTA complexes is avoided in this ligand buffer.
Experimental

Reagents
A stock solution of iron(II) (0.1 mol dm 3) was prepared by dissolving 9.81 g of iron(II) ammonium sulfate hexahydrate (Mohr's salt) in 250 cm3 of 0.5 mol dm 3 sulfuric acid and stored in a nitrogen atmosphere. The concentration of iron(II) was determined by standard potassium dichromate. The stock solution of vanadium-(V) (0.1 mol dm 3) was prepared by dissolving 2.92 g of ammonium trioxovanadate (ammonium metavanadate) in 25 cm3 of (1+1) sulfuric acid and diluting to 250 cm3 with water. A zinc(II) solution (0.1 mol dm 3) was prepared by dissolving 7.24 g of zinc sulfate heptahydrate in 250 cm3 of water and standardized by EDTA. Stock solutions of citrate, pyrophosphate and EDTA (0.1 mol dm-3) were prepared by dissolving appropriate amounts of sodium salts in water. Working solutions of metal ions and ligands were prepared by suitable dilution with water.
Solutions of iron(III) and vanadium(IV) were also prepared by dissolving iron(III) ammonium sulfate dodecahydrate and vanadium oxide sulfate (vanadyl sulfate) n-hydrate for the measurements of formal potentials.
All of the reagents used were of analytical reagent grade and used without further purification. The water used to prepare the reagent and buffer solutions was obtained from a Milli-Q water purification system (Millipore Co.) and was used after removing dissolved oxygen by passing nitrogen gas throughout the experiments.
Apparatus
All potentiometric titrations were performed using a Mitsubishi Chemical Model GT-05 automatic titrator installed with a Mitsubishi Chemical Model GTPR-10 combination platinum electrode. A Horiba Model F8-AT pH/ mV meter was used for the pH measurements. The titration vessel was a specially ordered five-necked flask (for micro-burette, electrode, thermometer and inlet and outlet of nitrogen gas) with a water jacket.
Procedure
To an aliquot (2 cm3) of vanadium(V) solution (I.OX 10-2 mol dm 3) in the titration vessel, 10 cm3 of 1.0 mol dm 3 acetate buffer and 2 cm3 of 0.1 mol dm 3 each ligand solution were added; the solution was then diluted to 20 cm3 with water. In the case of EDTA, 4 cm3 of a 0.1 mol dm3 zinc(II) solution was added to make a ligand buffer. The solution was then titrated with a standard iron(II) solution (5.0X10-3 mol dm3) and the potential values were recorded automatically for each addition. All titrations were performed at 50°C under a nitrogen atmosphere. The titration procedure in the presence of citrate and EDTA was performed in the dark because of their sensitivity to light.
Results and Discussion
The applicability of the redox reaction,
to the titrimetric method can be evaluated in terms of the equilibrium constant KM_N of this reaction. The presence of a proper complexing agent which forms more stable complexes with Mox than MRed and/ or with NRed than Nox shifts the equilibrium toward the right-hand side and, thus, makes possible the direct titration of Nox with MRed, which is not feasible otherwise.3
Redox reaction of vanadium(V) with iron(II)
The formal potential of the V(V)/ V(IV) couple, E((H), is affected by varying the pH of the solution; it decreases with increasing pH:
and EV(H) = Ev°-0.118pH.
Accordingly, the direct titration of vanadium(V) with iron(II) becomes difficult at higher pH:
If a ligand (L) forms complexes with iron(II,III) and vanadium(IV,V), the conditional equilibrium constant of Eq. (4) is written as log KFe_v = log KFe-v+log
, (5) where aM(L) refers to the side reaction coefficient for the complex formation of the relevant metals.3 By the formation of more stable complexes with iron(III) than iron(II) and/ or with vanadium(IV) than vanadium(V), the titration of vanadium(V) with iron(II) should be favored since the second and/ or third terms of Eq. (5) become positive and, thus, the conditional equilibrium constant becomes larger.
Effect of pH on the formal potentials of Fe(III)/Fe(II) and V(V)/ V(1 V) couples To determine the suitable pH range for the titration of vanadium(V) with iron(II) in the presence of a ligand, the formal potentials of equimolar mixtures of iron(II) and iron(III) as well as vanadium(IV) and vanadium(V) were measured at various pH, respectively. The results are shown in Fig. 1 . Citrate, pyrophosphate, EDTA, fluoride, acetylacetone, salicylate and tartrate were studied with reference to their stability constants with iron(III).5 The formal potential of the Fe(III)/ Fe(II) couple was sufficiently lower than that of the V(V)/ V(IV) couple when citrate, pyrophosphate and EDTA were present in the pH ranges 5 -10, 1-8 and 2 -5, respectively. The difference in the formal potentials in the presence of fluoride, acetylacetone, salicylate and tartrate was not appreciable in the pH range examined.
Titration in the presence of citrate
The potentiometric titration of vanadium(V) with iron(II) was carried out at pH 5.8 in the presence of citrate. It was found that the reproducibility of the endpoint was unsatisfactory in the presence of citrate, presumably because the reduction of vanadium(V) to vanadium(IV) was accelerated by light. The titration should thus be performed in the dark. The effect of the concentration of citrate was examined at concentrations of 2.0X103, 5.0X103 and l .OX 10-2 mol dm 3. The results are shown in Fig. 2 . Sufficient potential breaks at the equivalence point were observed in the presence of citrate at concentrations higher than 5.0X103 mol dm 3; a potential change of ca. 8 mV per 0.01 cm3 of iron(II) solution was observed in the vicinity of the equivalence point.
Titration in the presence of pyrophosphate The effect of the concentration of pyrophosphate was examined over the range 2.0X103 -1.0X 10-2 mol dm-3 at pH 3.6. Remarkable potential breaks were observed over the concentration range examined at the equivalence point. The potential change in the vicinity of the equivalence point was ca. 26 mV per 0.01 cm3 of iron(II) solution in the presence of 1.0X 10-2 mol dm~3 pyrophosphate.
Titration in the presence of EDTA and the use of a ligand buffer with zinc (11) The effect of the EDTA concentration was examined over the range 2.0X103 -l .OX 102 mol dm 3 at p H 3.5. The shape of the titration curves changed upon changing the EDTA concentration (Fig. 3) . As can be seen from Fig. 3 , no potential break was observed in the absence of EDTA, whereas a sharp end-point was observed in the presence of 2.0X103 mol dm 3 EDTA. However, the potential before the equivalence point becomes lower with increasing EDTA concentration; this is attributed to the more favorable formation of vanadium(V)-EDTA than that of the vanadium(IV)-EDTA complex. Thus, in order to avoid any complexation of vanadium(V) with EDTA we have tried to utilize a ligand buffer with a metal ion in excess over EDTA. [6] [7] [8] For the use of a ligand buffer to be successful in this type redox titration, we should use a metal ion (M) having conditional stability constants with EDTA (Y) in the order KV(V)Y<KMY<KFe(III)Y• The effect of copper(II), nickel-(II) and zinc(II) were examined in the ligand buffers. A large potential break was observed at the equivalence point in ligand buffers with copper(II), nickel(II) and zinc(II). Especially, since the zinc(II)-EDTA ligand buffer showed the largest potential break, it is recommended for this procedure.
The effect of the zinc(II) concentration was examined in the presence of 1.0X102 mol dm 3 EDTA. The titration curves for various concentrations of zinc(II) are given in Fig. 4 . The potentials before the equivalence point clearly increased in the zinc(II)-EDTA ligand buffer, while no remarkable potential change was observed after the equivalence point. We used a 1.0X 10-2 mol dm 3 of EDTA and a 2.0X102 mol dm 3 of zinc(II) for the sake of buffer capacity; the maximum buffer capacity of a ligand buffer is obtained when CM/ CL=2, where CM and CL denote the total concentrations of the metal ion and ligand, respectively.6'' The potential change was ca. 46 mV per 0.01 cm3 of iron(II) solution in the vicinity of the equivalence point. Thus, the direct titration of vanadium(V) with iron(II) was successful in the zinc(II)-EDTA ligand buffer.
The titration of vanadium(V) with iron(II) in the presence of EDTA should also be performed in the dark, since vanadium(V) was slowly reduced by excess EDTA, even in the absence of iron(II); the reduction was accelerated by light.4
Interferences
The following compounds and ions have no influence on the titration of 1.0X 10-3 mol dm 3 of vanadium(V): sodium chloride, sodium sulfate, sodium nitrate, ammonium sulfate, Li(I), Na(I), K(I) and Mg(II) (0.5 mol dm 3); Ni(II) and Cu(II) (1.0X102 mol dm 3); Al(III), Cr(III), Mn(II) and Mo(VI) (1.0X103 mol dm 3); fluoride and phosphate (0.1 mol dm 3). Cobalt(II) gave rise to a negative interference in the titration of vanadium(V) because of the reduction of vanadium(V) with cobalt(II)-EDTA complex (E°=0.13 V, vs. SCE).9 Chromium(VI) gave rise to a positive interference because of the oxidation of iron(II) with chromium(VI).
In conclusion, vanadium(V) can be titrated potentiometrically with iron(II) in the presence of citrate, pyrophosphate and EDTA. Especially the use of the ligand buffer with zinc(II) in excess over EDTA has been found to be very effective in the titration of vanadium(V) with iron(II). These methods allow the determination of vanadium(V), even in a weakly acidic media.
